Abstract -This paper presents a bi-directional DC to DC converter with a unique concept in control. The converter was kdesigned kf or khybrid kelectric kvehic les, kso k size kbecomes ka pressing design parameter.
I. INTRODUCTION
Since their introduction, hybrid electric vehicles have become increasingly popular. One of the engineering challenges associated with these vehicles is increasing the efficiency of the drive motors and electronics. One method of achieving this goal is to replace the low voltage drive motors with higher voltage versions. This change reduces the high currents associated with driving the low voltage motors. Lower drive current reduces losses which results in improved efficiency.
Since hybrid electric vehicles are designed to have a certain battery capacity, adding more batteries to boost the voltage can adversely affect the overall design of the vehicle. For example, the Toyota Prius utilizes 228 Ni-MH cells to achieve the desired capacity. In order to obtain the highest possible voltage, all 1.2 V cells are strung in series. This results in a total battery voltage of 273.6 V. While adding more cells in series will increase the battery voltage, it will also increase volume, weight, and cost of the battery pack. This is an unacceptable solution in most cases. An alternative solution to increase the voltage supplied to the motor drive electronics is to add in a DC to DC converter. This paper discusses a unique control method intended for implementation in a series hybrid vehicle. There are a number of papers describing the architecture of the series hybrid electric vehicle drive train shown in Figure 1 below. [9] The generator is driven by an internal combustion engine (ICE) and has a regulated output voltage. During normal operation, the DC to DC converter must alternately provide power from the generator to the battery pack for charging. It also provides power from the battery pack to the drive motor to supplement the generator in the case of higher load. In addition, it must process regenerative braking energy and store it in the battery pack. II. LIMITATIONS OF TRADITIONAL APPROACH Traditionally, the non-isolated synchronies buck converter has been used to perform the task mentioned above. This configuration can achieve higher efficiencies than other common non-isolated DC to DC converters such as the uk and SEPIC converters. [1] Operating as a synchronous buck or boost converter, the bi-directional power flow is an inherent property of this topology. [9] Typically these converters are designed to operate in CCM which requires a larger filter inductor. This large filter inductor can also slow down transient response of the converter as well as slow down any type of mode transitioning.
III. NEW APPROACH A conventional non-isolated buck converter topology was adopted for this work. However, the converter was designed to operate in DCM to help reduce the size of the power filter inductors as well as achieving faster transient response times.
Since the converter is now operating in DCM (nonsynchronies), the inherent bi-directional power flow capabilities are lost because the negative filter inductor current is now blocked by the free-wheeling diode in parallel with the inactive switch. A complex digital control algorithm was implemented to select one switch to be utilized at a time. The power flow is determined by which switch is selected. The anti-paralleling diode of the inactive switch is used as the free wheeling diode. (In a MOSFET this would be the device body diode and in the case of an IGBT it would be the external parallel diode.)
Three parallel interleaved phases were used to help reduce the added current ripple due to the DCM operation. The resultant topology is depicted in Figure 2 . 
IV. MODES OF OPERATION
Hybrid electric vehicles have their own set of unique controller requirements needed for normal operation. This paper presents a controller structure which has three levels. The lower two levels are implemented in this system. The third level is intended for a system level controller to controller the over all actions of the converter, without having to worry about the lower level controls of the converter.
A. Level 1
The lowest level of control is comprised of three controllers; output voltage controller (OVR), input voltage controller (IVR), and inductor current regulator (ICR). All control loops were designed using the direct digital design method. [3] The digital loops were then programmed into the onboard DSP and are called from the second level of control.
B. Level 2
The second level for control allows the converter to operate in three different system configurations defined as Hybrid Boost Vehicle Mode, Hybrid Buck Vehicle Mode, and Electric Vehicle Mode.
During Hybrid Boost Vehicle Mode a portion of the power comes from the generator and a commanded supplemental current comes from the battery pack thru the converter using the ICR. The third level of control would command this current dependent on higher level controller requirements which are not researched in this paper. During this mode of operation the converter would also have an over voltage set point. This is necessary for the safe and smooth operation of the converter. If the load were to drop out suddenly and the third level of control does not recognize this fast enough, the high side bus voltage could rise to an unsafe level. Because of this the OVR loop is also utilized to clamp the voltage at a commanded upper limit if an over voltage event were to occur.
Hybrid Buck Vehicle Mode is used to bring power from the high voltage side back to the batteries on the low voltage side using the ICR. This happens for one of the two following reasons. During a regenerative breaking procedure, the level three controller commands a current in the buck direction or the level three controller commands a current in the buck direction in order to charge the batteries. In both cases a low side voltage regulation set point is utilized to protect the batteries from over voltage, since the batteries could experience over voltage if they are over charged. The IVR is used to protect the batteries from this over voltage.
While operating in Electric Vehicle Mode, the sole source of power comes from the battery pack thru the converter. The converter operates in high side output voltage regulation to supply the bus voltage for the motor dive using the OVR. In this mode the OVR can direct power in both buck and boost directions in order to maintain regulation. This simplifies the level three controller during a regenerative braking procedure. The OVR will bring the duty cycle down to zero in order to regulate the bus voltage. If the power delivered from the regenerative braking is still enough to bring the bus voltage up, the OVR will start increasing the duty cycle in the buck direction. This effectively charges the batteries with the excess power provided to the bus while still maintaining regulation of the high side voltage. The ICR is used in the buck direction to realize a current limit to protect the batteries from over charging. It is also used in the boost direction to limit the maximum current allowed to be delivered to the bus.
V. DIGITAL CONTROLLER DESIGN Since the control loops are implemented in the DSP, it is important to sample the control parameters and execute the controller code at a fixed frequency. This allows the use of standard digital control and sampling theory. [3] All control loops take an input of the commanded parameter. The output of the IVR and ICR loops are limited to zero on the lower end and the period counter value on the upper end. This effectively limits the duty cycle to realizable values. The OVR loop has a slightly different operation. When the converter is operated in Hybrid Boost Vehicle Mode the output of the OVR is limited to zero on the lower end and the period counter value on the upper end. However, when the converter is operated in Electric Vehicle Mode the OVR is limited to negative period counter value on the lower end and positive period counter value on the upper end.
If the output of the OVR is positive the boost mode switch is enabled and the duty cycle is passed from the controller to that switch. The buck mode switch is always disabled if the output of the OVR is positive. If the output of the OVR is negative the buck mode switch is enabled and the absolute value of the output of the OVR is passed to the active switch. The boost mode switch is always disabled if the output of the OVR is negative. A level 2 controller operation then examines the polarity of the output of the OVR, sets the active switch and loads the correct duty cycle. This can be seen in Figure 3 . From a level 2 controller perspective, the level 1 control loops are run in a competitive manor in order to realize higher level functions. For instance, when the converter is run in Hybrid Boost Vehicle Mode, a constant current is commanded to the high voltage side. However, if the high voltage side rises too much the OVR will take over and regulate the bus voltage. This is done by simply running both loops in parallel and taking the minimum of the two control loops. A similar procedure is used to realize over current regulation. It should be noted that the controller that looses the minimum function will not be regulated and that controller will saturate at its upper limit. This will cause some delay in the response of the controller when it begins to come out of saturation.
VI. CONTROLLER INTERFACE A PC controller interface was created using Lab View. The controller interface was used to simulate a level 3 controller. This provided a means to easily test the converter under all modes of operation.
The controller interface has the capability to set the high voltage, low voltage, average buck current, and average boost current reference command for all level 1 controllers. The converter can be put into electric, hybrid buck, or hybrid boost vehicle mode from the controller interface. The controller interface can also command the converter to run, go into standby, or reset any fault condition that might have occurred. A screen capture of the controller interface can be seen in Figure 4 .
The controller interface also displays data from the converter. The current state and mode of the converter are displayed as well as measurements taken by the converter including temperature, high side bus voltage, and the average current from each phase. Finally, the controller interface was modified to allow test programs to be run from a tab delimited file. VII. CONVERTER PROTOTYPE The calculation of the inductance value was based on the design parameter that the inductor current must always operate in DCM. The final value for the three inductors was 140 μH. The battery side capacitor value was 160 μF with a low ESR. The high side bus capacitor was 1000 μF. All components in the system were selected to meet the specifications in the table below. The high voltage side capacitors were integrated in a package along with the power switches, driving, sensing, and digital controller. An external power filter board was constructed to house the filter inductors and low voltage side capacitors. Mounting terminals were also added for connections to the batteries and the three switch nodes. A 3D-model of the input filter was constructed and used to help build the inductor/capacitor board assembly. The prototype is shown in Figure 5 below. VIII. EXPERIMENTAL RESULTS All control loops and modes of operation were implemented on the prototype mentioned above. The bidirectional capabilities were tested in both Hybrid Vehicle Mode and Electric Vehicle Mode. All control loops were tested under the specified range of load conditions and voltage configurations.
The bi-directional capabilities of the converter can be seen in Figure 6 below. The converter is initially in standby. Next the converter is set to Hybrid Buck Vehicle Mode and the commanded current is ramped up to the full power in the buck direction and then back to zero. The mode then changes to Hybrid Boost Vehicle Mode and the commanded current is ramped to full power in the boost direction and back down again.
This could be representative of a massive regenerative braking action followed immediately by a full throttle command. All of the commands were received through the computer interface, which simulates the level 3 controller. The yellow signal is the inductor current and the orange signal is a zoomed in version of the inductor current to show the mode transition. Notice how the output voltage rises when there is a step in the input voltage. This is due to the fact that the average input current is regulated, causing the output voltage and output current to rise. IX. CONCLUSIONS The work presented in this paper shows how a nonisolated, buck or boost, DC to DC converter, operated in DCM, can be used in a Hybrid Electric Vehicle application requiring bi-directional power flow. Since a buck or boost converter operated in DCM is not inherently bidirectional, a unique digital control technique was developed and implemented. This is presented as level 1 of the control and is the lowest level of control for this converter.
A second, higher level, controller was developed on top of the lower level controller to handle higher level functions specific to this Hybrid Electric Vehicle application. A third level of control is assumed but was not designed in this paper. Because of this, a computer interface was developed to simulate the higher level of controller. The converter was operated under control of the computer interface and tested in numerous conditions present in a Hybrid Electric Vehicle application. These conditions range from hybrid vehicle mode, electric vehicle mode, regenerative braking, and battery charging.
